Studies on human B-cell development have been hampered by the lack of reproducible culture techniques to induce pre-B cells to differentiate into 19-secreting plasma cells. Here, we describe that highly purified surface (s) p-, cytoplasmic (c) p + , CD1 O+, CDI 9+ human pre-B cells derived from fetal bone marrow (BM) differentiate with high frequencies into 19-secreting plasma cells, when cocultured with activated, cloned CD4+ T cells and with interleukin-4 (IL-4). Production of IgM, total lgG, 1964, and IgE in pre-B-cell cultures was detected, indicating that the cells also underwent lg isotype switching. Pre-B-cell differentiation occurred in the absence of BM stromal cells, IL-7, and stem cell factor (SCF). However, IL-7 significantly enhanced the levels of lg produced, whereas SCF was ineffective. Neutralizing anti-IL-4 monoclonal antibodies (MoAbs) completely inhibited pre-B-cell differentiation showing the specificity of the reaction. Intact CD4+ T-cell clones could be replaced by membrane preparations of these cells, indicating that the costimulatory signals provided by the activated CD4+ T cells are contact-mediated.
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ORMAL, MATURE HUMAN and murine B cells

N undergo Ig isotype switching and differentiation into
Ig-secreting cells in response to surface IgM (s1gM)-mediated activation in the presence of costimulatory signals provided by CD4+ T cells via soluble and membrane-bound molec~les.''~ Similar mechanisms have been shown to regulate isotype switching and differentiation in human cord blood B cells, Burkitt's lymphoma cells, Epstein-Barr virustransformed B-cell lines, and immature CD5+ or CD10+ fetal B c e k P 6 Cytokines are essential for B-cell proliferation and differentiation. They not only determine Ig secretion quantitatively but also direct Ig isotype switching. Interleukin-4 (IL-4) and IL-13 induce IgG4 and IgE switching in human B whereas transforming growth factor-p directs IgA switching.'' Development of mature B cells from pluripotent stem cells is a multistep process that takes place in the liver during early fetal life and later in bone marrow (BM).I2-l4 Significant progress has been made during recent years in characterizing the molecular events involved in B-cell ontogeny. The mechanisms underlying the ordered rearrangement of Ig variable-region genes responsible for the diverse repertoire of antibodies have been characterized.l5*I6 Moreover, using targeted gene disruption, genes encoding the p-chain constant region and the h5 protein, and recombination activating genes 1 and 2 were shown to be required for normal pre-B-cell development in mice."'20 In addition, a series of molecular markers and cellular properties defining different stages of B-cell ontogeny have been d e m o n~t r a t e d . '~-'~.~~ Despite the success in characterizing the molecular events occurring during B-cell development, the cells and molecules regulating the growth and differentiation of B-cell precursors are still incompletely characterized. In murine models, BM stromal cell-mediated cell contacts and soluble mediators are mandatory for B-cell d e v e l~p m e n t , '~~'~ and murine B-cell precursors have been successfully cultured In contrast, anti-CD40 MoAbs failed to provide the costimulatory signal required for pre-B-cell differentiation, which may be related to the very low expression of CD40 on fetal BM B cells. Activated CD4+ T cells and IL-4 also induced sp expression and lg synthesis in cultures initiated with pre-B cells that had been preincubated in medium for 2 days, and from which spontaneously emerging sp+ B cells were removed by using a fluorescence-activated cell sorter. These results support the notion that the lg synthesis observed in pre-B-cell cultures was not caused by outgrowth and differentiation of cells that spontaneously matured into sp+ B cells. Cowan, human pre-B cells differentiated into Ig-secreting cells.29 However, to investigate the signals required in pre-B-cell differentiation it is essential to study highly purified pre-B cells.
We describe here a short-term culture system in which highly purified human sp-, cytoplasmic (c)p+, CD 1 O+, CD19' pre-B cells differentiate into Ig-secreting cells with high frequencies. Pre-B-cell differentiation was induced by IL-4 and a contact-mediated signal provided by activated CD4' T cells.
Reagents. Recombinant IL-4 was provided by Schering-Plough Research (Bloomfield, NJ). IL-7 was purchased from R&D Systems Inc (Minneapolis, MN). Fluorescein isothiocyanate (FITC)-and phycoerythrin (PE)-conjugated monoclonal antibodies (MoAbs) specific for CDIO, CD19, CD20, CD34, and HLA-DR and control antibodies with irrelevant specificities were obtained from Becton Dickinson (Mountain View, CA). FITC-conjugated anti-IgM MoAb (IgGI-K) was purchased from Nordic Immunological Laboratories (Tilburg, The Netherlands). The purified antLCD40 MoAb 89 (IgGl)30was a gift of Dr J. Banchereau (Schering-Plough France, Dardilly, France). The neutralizing anti-IL-4 (25D2) and anti-IL-7 (BVDIO) MoAbs were kindly provided by Dr J. Abrams (DNAX, Palo Alto, CA).
Cell preparations. Human fetal bones were obtained from fetuses varying from 15 to 24 weeks of gestation. Fetal tissues were obtained with informed consent from Advanced Bioscience Resources Inc (Alameda, CA) in compliance with regulations issued by the state and by the federal government. BM cells were obtained by flushing RPMI-1640 (JRH Biosciences, Lenexa, KS) with a syringe into the intramedullary cavities of the long bones. The cells were washed twice. Red blood cells were lysed by osmotic shock using sterile water or Tris-buffered 0.83% NH,CI (pH 7.2), after which the cells were washed twice. The cells were finally counted and resuspended in Yssel's medium3' supplemented with 10% fetal calf serum (FCS). The CD4+ T-cell clone B21 was cultured as described previo~sly.'~ The cells were obtained 2 to 3 days after they had been activated by the feeder-cell mixture and PHA, and viable T cells were isolated by centrifugation over Histopaque-1077 (Sigma, St Louis, MO).
Cell suvface analysis and cell sorting experiments. Cell surface analysis was performed by using a FACScan flow cytometer (Becton Dickinson). After the cells were washed twice, FITC-and PEconjugated MoAbs were added at saturating concentrations and incubated at 4°C for 30 minutes. FITC-and PE-conjugated MoAbs with irrelevant specificities were used as negative controls. The cells were washed twice with phosphate-buffered saline, and cells with the light-scatter characteristics of lymphocytes were analyzed. Bcell precursors were sorted by using two-color immunofluorescence and a FACStar Plus (Becton Dickinson). The purities of the sorted populations were 98% to 100%.
Preparation T-cell membranes. The membranes of a CD4' Tcell clone were obtained as described previously." Briefly, the CD4+ T-cell clone B2 1 was harvested 12 days after activation with feeder-cell mixture and PHA. These resting T cells were washed and subsequently restimulated with 10 pg/mL of Concanavalin A (ConA) for 8 hours at 37°C. During the last 30 minutes ofthe ConA stimulation, 100 pg/mL of a-methyl-D-mannoside (Sigma) was added. From these ConA-activated T cells, membranes were prepared using the method described by Maeda et al" and Brian." The membranes were stored under liquid nitrogen until used.
B-cell precursors were cultured in triplicate in round-bottomed 96-well plates (Linbro, McLean, VA) in a humidified atmosphere containing 5% COz in 0.2 mL Yssel's medium supplemented with 10% FCS. The cells were cultured at 5,000 cells/ well. IL-4 was added at the onset of the cell cultures at concentrations of 400 U/mL. In coculture experiments, the activated human CD4' T-cell clone B2 1 was added to the cultures at 5,000 cells/well. After a culture period of 13 to 14 days, Ig levels in the culture supernatants were measured by enzyme-linked immunosorbent assay (ELISA).
Measurement o f I g production. IgM, total IgG, lgG4, IgA, and IgE secretion was determined by ELISA as described previously. 6 The sensitivities of IgM, total IgG, and IgA ELISAs were 0.5 to 1 Culture conditions.
mL.
Limiting dilucion cultures. To determine the frequencies of pre-B cells that can be induced to differentiate into Ig-secreting cells, highly purified, sorted pre-B cells were cultured at decreasing cell numbers per well, and Ig production was measured after a culture period of 2 weeks. The experiments were performed as described previously for mature B cells' by culturing decreasing concentrations of sorted SF-, CDI 9' pre-B cells (from 5,000 to 1 cell/well) in the presence of a fixed concentration of CD4+ T cells (5,00O/well).
An increasing number of replicates were used when the number of cells/well decreased, and the frequency was determined according to T a~w e l I~~ by plotting the percentage of Ig-negative wells against the number of pre-B cells in the culture. The frequencies of pre-B cells that can be induced to differentiate into Ig-secreting cells were determined from the 37% intercept.
RNA isolation and detection of stem cel1,factor (SCF) transcript by polymerase chain reaction (PCR).
The cloned CD4' T cells were cultured with or without sp-, CD19+ pre-B cells as described above in the presence or absence of IL-4 (400 U/mL). Total RNA was isolated after 2 days of culture using the guanidium thiocyanate-CsC1 pr~cedure.~' cDNA was synthesized using total RNA as template, random hexanucleotides as primers, and avian myeloblastosis virus-reverse transcriptase as described.'* Amplification of the cDNA was performed using 40 cycles of PCR. Primers for detection of SCF transcripts were 5'-CGA TCT GCA GGC CTT TCC TGG ACT CTC CAG GGG GAT TT-3', and for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcripts as a control were GGA TGA CC-3'. Products of PCR reactions were electrophoresed through 1. 
RESULTS
Phenotypical analysis offetal BM B cells. Pre-B cells are defined as cp+, sp-B-lineage
Fetal BM is an unique source of B-cell precursors, because approximately 60% to 70% of CD19' cells in fetal BM are sp-, and all CD19' cells express CD106s2L (Fig 1) . Moreover, 20% to 35% of CD19' cells express CD34. CD40 expression was very low as compared with that in fetal splenic B cells6 (Fig  l) , and no CD40 expression was detected on CD34+ fetal BM cells (Fig 1) . These CD34+, CD19' cells were also found to lack sp expression, indicating that they represent a subpopulation of early B-cell precursors. Highly purified sp-, CD 19' pre-B cells were obtained by sorting from fetal BM. Gating for y-, CD19+ pre-B cells was always performed conservatively to exclude contaminating cells expressing minimal levels of sp (Fig 1) . Reanalysis of the sorted pre-Bcell populations indicated that these cells were 98% to 100% sp-, CD19+.
Pre-B cells diferentiate into Ig-secreting plasma cells when cultured with activated CD4+ T cells and IL-4.
Sorted pre-B cells cultured in the presence of the activated CD4' T-cell clone B21 and IL-4 differentiated into Ig-secreting cells (Fig 2) . IgM, total IgG, IgG4, and IgE synthesis was observed indicating that the cells also underwent Ig iso- type switching. Induction of Ig production was not a specific property of the clone B2 1, because two other CD4+ T-cell clones were also found to have Ig-secretion stimulatory activity (data not shown). The levels of Ig produced in the pre-B-cell cultures were comparable with those observed in cultures of fetal splenic or liver mononuclear c e k 6 No IgA synthesis was obtained in these cultures, which is in agreement with previous observations indicating that IL-4, under these culture conditions, inhibits IgA ~ynthesis.~'
To determine the frequencies of pre-B cells that can differentiate into Ig-secreting cells limiting dilution experiments were performed as described.' IgM and IgG production in pre-B-cell cultures was detected in every well (n = 12) containing as few as 90 CD19+, sp-cells/well. The frequencies of pre-B cells that can be induced to differentiate into Ig-secreting cells were determined from the 37% intercept and were found to vary between 1:24 and 1:40 (data not shown). Taking into account that the proportion of contaminating non-B-lineage cells among the pre-B-cell preparations was 0% to 2%, and that contaminating sp+ cells were
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undetectable (<OS%) by FACS analysis (Fig l) , we conclude that the possibility of contaminating s~+ B cells as the cause of Ig synthesis in our pre-B-cell cultures is highly unlikely. Kinetic studies indicated a relatively rapid onset of Ig synthesis in pre-B-cell cultures. Detectable levels of IgM and IgG in the culture supernatants appeared at day 7, whereas IgE was detected at day 12 (Fig 3) .
Pre-B-cell diflerentiation does not require IL-7 or SCF. IL-7 acts as a growth factor for B-cell precursors in both mice and humans.26*27,42 However, IL-7 was not required for pre-B-cell differentiation in the present culture system. Anti-IL-7 MoAbs failed to inhibit Ig synthesis induced in pre-B-cell cultures (Fig 4) , whereas they strongly inhibited IL-7-induced T-cell proliferation (data not shown). In contrast, neutralizing anti-IL-4 MoAb virtually completely prevented pre-B-cell differentiation induced by IL-4 and the CD4+ T-cell clone, showing the specificity of the reaction (Fig 4) . SCF has been shown to promote proliferation of early lymphoid-cell progenitor^.^^ However, human pre-B-cell differentiation under the present culture conditions appears to be independent of SCF, because no SCF production by the T-cell clone or by the pre-B cells was observed using PCR analysis (data not shown). 
B-cell progenitors can be induced to differentiate into Igsecreting cells only after they have reached the pre-B-cell stage. The population of sp-, CD 19' cells contains CD34+
and CD34-B-cell progenitors (Fig 1) . Staining for cp showed that 60% to 70% of the CD19+ fetal BM cells were cp+ (refs 14 qnd 21, and our unpublished observations). However, CD34+ fetal BM cells were virtually cp-, whereas greater than 95% of these cells were nuclear terminal deoxynucleotidyl transferase-positive (TdT+)'4,21 (and our unpublished observations), indicating that these cells represent pro-B cells.14 In 5 separate experiments, sorted CD34+, CD19+ cells failed to differentiate into Ig-secreting cells us- ing the present culture system (data not shown). The results were similar irrespective of whether the T-cell clone was used 2 to 3 days or 4 to 6 days after stimulation with feedercell mixtures and PHA. IL-3, IL-7, or SCF added to these cultures also failed to induce Ig synthesis (data not shown). The failure to detect Ig synthesis in cultures of CD34+, CD19' cells was not caused by different kinetics, because culture periods of up to 3 weeks were used. These data indicate that B-cell precursors can differentiate into Ig-secreting cells under the present culture conditions only after they have reached pre-B-cell stage in B-cell ontogeny.
Ig synthesis by pre-B cells is not caused by diflerentiation of cells that spontaneously mature into sp+ B cells. It has
been shown that a proportion of sp-pre-B cells differentiate into sp+ B cells when cultured in medium for only 2 days.28 To exclude the possibility that the Ig levels observed in pre-B-cell cultures were produced by cells that had spontaneously matured into sp+ B cells, total fetal BM cells or sorted sp-, CD19+ pre-B cells were first cultured for 2 days, during which most of the spontaneous differentiation occurs.28 Thereafter, sp-, CD19' pre-B cells were sorted from the precultured cells and cultured for an additional 2 days in the presence of activated CD4+ T cells and IL-4. Thereafter, the cells were harvested and stained for FACS analysis. The data indicate that only 2% to 3% of pre-B cells spontaneously differentiate into sp+ cells during the second culture period of 2 days (Fig 6) . However, when the cells were cultured in the presence of activated CD4+ T cells and IL-4 (Fig  6) , more than 10% of these cells expressed sp after the second culture period. In addition, HLA-DR and CD40 expression were strongly enhanced on the majority of the cultured pre-B cells, indicating that CD4' T cells and IL-4 can indeed activate bona fide pre-B cells. Moreover, significant Ig production, including IgG4 and IgE synthesis, was observed in cultures initiated with pre-B cells that were preincubated in vitro for 2 days, whereafter cells that had differentiated into s@+ B cells were removed by FACS-sorting and remaining sp-, CD19' pre-B cells were cocultured with activated CD4+ T cells and IL-4 (Table 1) . Interestingly, IL-7 strongly enhanced the levels of Ig produced, but it was not required for pre-B cells to differentiate into Ig-secreting cells (Table 1) . IL-7 not only acts as a growth factor for B-cell precursors but also induces activation and proliferation of T ~e l l s .~' ,~* Therefore, the enhancing effect of IL-7 on Ig production may reflect both direct effects on the pre-B cells and an indirect effect on the helper-T-cell function. Nevertheless, because pre-B-cell differentiation also occurred in the absence of IL-7, these data further support the conclusion that CD4+ T cells and IL-4 can provide all the necessary signals required for sp-, cp' , CD 1 O+, CD 19+ pre-B cells to differentiate into Ig-secreting plasma cells.
DISCUSSION
In the present study we describe a short-term culture system in which human sp-, cp', CDIO+, CD19+ pre-B cells differentiate into Ig-secreting plasma cells. Pre-B-cell differentiation occurred relatively rapidly, because Ig synthesis was already observed after 7 days of culture. Pre-B-cell differentiation occurred in the absence of BM stromal cells, IL-7, or SCF, but it was dependent on IL-4 and a contactmediated signal provided by CD4' T cells.
The gating to sort pre-B cells was always performed conservatively to prevent any contamination of B cells expressing low levels of sp, and several lines of evidence indicate that our sorted pre-B-cell populations were indeed devoid of sp+ B cells. sp' cells were undetectable (~0 . 5 % ) among sorted sp-, CD 19+ cells by FACS analysis. Moreover, limiting dilution experiments showed that the frequencies of pre-B cells that can be induced to secrete Ig varied between 1 :24 and 1:40. Furthermore, in contrast to sp+, CDlO' immature fetal BM B cells: pre-B-cell populations failed to differentiate into Ig-secreting cells in the presence of anti-CD40 MoAbs or CD4+ T cells obtained 4 to 6 days after activation with feeder-cell mixture and PHA6 (Fig 5) , indicating that the sorted pre-B cells were also functionally devoid of sp+ B cells. In addition, because of a lower proportion of CD34+, CD19+ cells in total fetal BM, the purity of sorted CD34+, CD 19' B-cell precursors was usually slightly lower than that of sorted sp-, CD 19' pre-B cells (data not shown). However, the sorted populations of CD34+, CD 19' B-cell precursors could not be induced to produce Ig under the present culture conditions. Therefore, we conclude that the possibility of contaminating sp' B cells as the cause of Ig synthesis observed in pre-B-cell cultures is highly unlikely.
Our results also indicate that CD4' T cells and IL-4 directly activate pre-B cells to express high levels of CD40 and HLA-DR and enhance differentiation of pre-B cells into sp+ B cells. Enhancement of CD40 and HLA-DR expression was detected on the majority of the sorted pre-B cells, whereas only 2% to 3% of these pre-B cells spontaneously expressed sp+, excluding the possibility that they were the few contaminating sp+ B cells that were induced to express higher levels of CD40 and HLA-DR. These data, together with the observation that significant levels of Ig were produced in cultures initiated with pre-B cells sorted after 2 days of preincubation during which most of the spontaneous differentiation of pre-B cells occurred, support the conclusion that CD4' T cells and IL-4 indeed activate bona fide pre-B cells and induce them to differentiate into Ig-secreting plasma cells. suggesting that direct growth-promoting effect of IL-7 on pre-B cells may also contribute to the IL-7-mediated increase in Ig synthesis in pre-B-cell cultures. The relative contribution of the indirect effects of IL-7 on the helper-T cells and the direct effects on the pre-B cells to the enhancement of Ig synthesis under the present culture conditions remains to be determined.
The activation state of the T-cell clone was essential for induction of pre-B-cell differentiation. The cloned T cells used in the present study were obtained 2 to 3 days after activation with the feeder-cell mixture and PHA. Previous studies have shown that T-cell clones obtained 4 to 6 days after activation fail to provide the costimulatory signals required for pre-B-cell differentiation.6 In contrast, sp' fetal BM B cells and normal, adult B cells could efficiently be induced to undergo Ig isotype switching and differentiation into Ig-secreting cells in the presence of IL-4 and CD4' T cells obtained 4 to 6 days after they had been acti~ated.~,~' Thus, the activation state of the T cells required for pre-Bcell differentiation differs from that required for immature CDlO+, CD19+, sp+ B cells, suggesting that the signal requirement for pre-B-cell differentiation also differs from that for differentiation of sp+ immature B cells.
The membrane-bound molecules on the CD4+ T cells mediating pre-B-cell differentiation remain to be determined. It has been recently shown that CD40L, transiently expressed on CD4' T cells after activation, induces proliferation and Ig synthesis by normal, adult B cells in the presence of IL-4.4"47 Patients with X-linked hyper IgM-syndrome, who have no or minimal levels of IgG, IgA, and IgE in their sera, were subsequently shown to have mutations in their CD40L gene, showing the essential role of CD40L-CD40 interactions in induction of Ig isotype switching in We recently showed that the 26-kD membrane form of tumor necrosis factor-a, expressed on activated CD4' T cells after activation, also is involved in T-B-cell interactions resulting in B-cell activation, isotype switching, and Ig production.62 Moreover, major histocompatibility complex class I1 molecules and CD4 have been shown to be associated with productive T-B-cell interactions resulting in Ig synthesis by normal, adult B cells.33*63 Although these molecules are likely to play a role also in T-cell-pre-B-cell interactions, anti-CD40 MoAbs, either soluble or cross-linked to L-cells transfected with FcyRIIICD32, failed to induce pre-B-cell differentiation in the presence of IL-4, which is consistent with a previous report indicating a failure of normal and leukemic human B-cell precursors to respond to an anti-CD40-mediated stimulus.64 These data are in line with the observation that CD40 expression on fetal BM B cells is low, and that CD34+ pro-B cells lack CD40 expression. Moreover, no expression of CD40L in fetal BM was found by PCR analysis,4' supporting the notion that CD40 antigen does not play a major role in early events of B-cell development. In contrast, s~+ , CDlO+, CD19' fetal BM B cells exFor personal use only. on January 15, 2018. by guest www.bloodjournal.org From press CD40 and also produce Ig when activated by anti-CD40 MoAbs and IL-4 under the present culture conditions: These results further support the notion that the signals required for pre-B cells to differentiate into Ig-secreting cells differ from those required for normal, adult B cells or for immature sp+, CDlO', CD19+ fetal B cells, and that the Ig production observed in pre-B-cell cultures was not due to nondetectable levels of contaminating sp+ B cells.
The present data indicate that human pre-B cells differentiate into Ig-secreting plasma cells in a short-term culture system in the presence of activated, cloned CD4+ T cells and IL-4. In contrast to long-term cultures of murine B-cell precursor~:~-~~ this culture system did not require the presence of BM stromal cells. Because T cells are abundantly present in normal BM,65 these data suggest that signals provided by CD4' T-helper cells may play a role in B-cell development in vivo. The present culture system allows for further studies on the signals regulating human pre-B-cell differentiation and provides grounds to investigate the defects in this process in pathologic situations.
